Background-Pulmonary vascular injury by toxins can induce neointimal formation, pulmonary arterial hypertension (PAH), right ventricular failure, and death. We showed previously that simvastatin attenuates smooth muscle neointimal proliferation and pulmonary hypertension in pneumonectomized rats injected with the alkaloid toxin monocrotaline. The present study was undertaken to investigate the efficacy of simvastatin and its mechanism of reversing established neointimal vascular occlusion and pulmonary hypertension. Methods and Results-Pneumonectomized rats injected with monocrotaline at 4 weeks demonstrated severe PAH at 11 weeks (mean pulmonary artery pressure [mPAP]ϭ42 versus 17 mm Hg in normal rats) and death by 15 weeks. When rats with severe PAH received simvastatin (2 mg · kg Ϫ1 · d Ϫ1 by gavage) from week 11, there was 100% survival and reversal of PAH after 2 weeks (mPAPϭ36 mm Hg) and 6 weeks (mPAPϭ24 mm Hg) of therapy. Simvastatin treatment reduced right ventricular hypertrophy and reduced proliferation and increased apoptosis of pathological smooth muscle cells in the neointima and medial walls of pulmonary arteries. Longitudinal transcriptional profiling revealed that simvastatin downregulated the inflammatory genes fos, jun, and tumor necrosis factor-␣ and upregulated the cell cycle inhibitor p27Kip1, endothelial nitric oxide synthase, and bone morphogenetic protein receptor type 1a. Conclusions-Simvastatin reverses pulmonary arterial neointimal formation and PAH after toxic injury. (Circulation.
V ascular disease, a leading cause of mortality, represents a pathological response to a variety of stresses, including shear stress and toxic injury (eg, hypercholesterolemia). 1 Primary pulmonary hypertension (PPH), an incurable fatal vascular disease characterized by abnormal proliferation of endothelial and vascular smooth muscle cells within the pulmonary vasculature, 2-4 is seen more commonly in patients who have taken anorexigens. 2 Approximately 50% of patients with familial PPH carry a mutation in the bone morphogenetic protein receptor type 2 (BMPR2), which normally transmits antiproliferative signals and promotes tissue differentiation. 5, 6 Patients with acquired forms of pulmonary hypertension show reduced expression of the BMPR type 1a (BMPR1a), a signaling partner of BMPR2. 7 Therefore, a combination of toxic injury and loss of antiproliferative signaling might predispose patients to develop abnormal accumulations of cells within the pulmonary vasculature. Using a rat model of toxic injury to the pulmonary vascular tree, we have shown that the antiproliferative compounds triptolide, rapamycin, and simvastatin can attenuate the development of pulmonary arterial hypertension (PAH). 8 -11 The HMG-CoA reductase inhibitors, statins, improve cardiovascular outcomes independent of their effects on cholesterol reduction. 12 The immunosuppressive and antiinflammatory properties of statins 13 may contribute to the improved survival of patients with atherosclerosis. 12, 14 Statins can suppress endothelial and vascular smooth muscle cell inflammatory and proliferative responses to injury. [15] [16] [17] These effects involve inhibition of isoprenylation of rho-and rac-family GTPases that couple growth factor receptors to the intracellular MAP/ERK kinase signaling pathways and induction of the cell cycle inhibitor p27
Kip1 . 16, 17 Statins also improve endothelium-dependent relaxation through mechanisms that involve induction of endothelial nitric oxide synthase (eNOS) and nitric oxide production. 18, 19 We recently demonstrated that simvastatin attenuates vascular smooth muscle neointimal proliferation and pulmonary hypertension in pneumonectomized, monocrotaline-injected rats. 11 On the basis of our discovery of the efficacy of simvastatin in preventing neointimal pulmonary vascular disease in this model, we wanted to examine whether simvastatin could reverse established severe pulmonary hypertension after toxic injury and improve survival.
Methods

Study Design
All animals received humane care, and the study was approved by the Stanford Panel on Laboratory Animal Care. Adult Sprague Dawley rats were obtained from Charles River Laboratories (Wilmington, Mass). Pneumonectomy was performed as previously described, 8, 9 and monocrotaline (60 mg/kg) was injected subcutaneously on day 28.
Treatment Groups
Rats (nϭ24) were randomized to receive simvastatin (nϭ12) or vehicle (nϭ6) by daily gavage at week 11. Four groups were studied: the rats in group PMV 0w (nϭ6) were killed at week 11. Group PMV 2w (vehicle group, nϭ6) received a vehicle from week 11 to 13. Group PMS 2w (nϭ6) received simvastatin (2 mg · kg Ϫ1 · d Ϫ1 ) from week 11 to week 13. Group PMS 6w (nϭ6) received simvastatin (2 mg · kg Ϫ1 · d Ϫ1 ) from week 11 to week 17. Six additional rats were studied as a control group without any intervention. Hemodynamic measurements, organ analyses, and histological quantification of neointimal vascular occlusion were performed as previously described. 8, 9 Immunohistochemistry Proliferation was analyzed by use of a monoclonal antibody against proliferating cell nuclear antigen (PCNA; 1:100, DAKO), and in situ apoptosis was analyzed by terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL; TACS 2 TdT, Trevigen).
Statistical Analysis
Data are presented as meanϮSD. First, the data from normal rats were compared with group PMV 0 (the disease model) by use of Student's t test (statistical significance was indicated by a value of PϽ0.05). Next, groups PMV 0 , PMV 2w , PMS 2w , and PMS 6w were analyzed by 2-way ANOVA. A value of PϽ0.05 was considered statistically significant.
Gene Array Studies and Bioinformatics
Lung gene expression was analyzed in 3 individual rats at each experimental condition. Radiolabeled cDNA probes were generated from 50 g of total RNA extracted from homogenized lungs, then Southern-hybridized to nylon arrays containing 1176 genes (Atlas Rat 1.2 Array Model 7854-1, Clontech). Signals were quantified by use of a Cyclone phosphorimager and Optiquant 3.0 software (Packard Instruments). By use of Microsoft Excel, the expression values for each gene at each time point were median-centered, averaged, and logarithmically transformed. We processed the average of replicates for each time point by average-linkage hierarchical clustering and k-means analysis using the J-Express software package (Bjarte Dysvik, University of Bergen, Norway). 20 
Results
Monocrotaline undergoes hepatic metabolism in rats into monocrotaline pyrrole, which produces toxic injury to the pulmonary endothelium through covalent reactions with cytosolic and cytoskeletal proteins. 21 The combination of pneumonectomy and monocrotaline administration in rats leads to severe PAH with neointimal formation, right ventricular hypertrophy, and eventual death. 8,9,22,23
Simvastatin Reversed Established PAH
Survival Analysis
When we injected rats with monocrotaline 4 weeks after pneumonectomy, pulmonary hypertension developed at 8 weeks and continued to increase until death by 15 weeks. In this study, rats were randomized to receive vehicle or simvastatin (2 mg · kg 
· d
Ϫ1 by oral gavage) beginning at 11 weeks (week 0). Rats that received vehicle for 2 weeks lost weight and scarcely moved before death by 15 weeks (0% survival) (Fig. 1A, filled squares) . In contrast, all simvastatin-treated rats were spontaneously active, feeding and gaining weight from 11 weeks onward and showing no mortality at 15 weeks (Fig. 1A , open circles). Thus, simvastatin conferred a 100% survival advantage compared with rats that received vehicle (PϽ0.001). Pneumonectomized, monocrotaline-injected rats underwent hemodynamic measurements at 11 weeks (nϭ24) and were then randomized to receive vehicle (nϭ6) or treatment with simvastatin (2 mg · kg Ϫ1 · d Ϫ1 by gavage, nϭ12). Another 6 rats were used for RV/LVϩS ratio study. A, Kaplan-Meier survival plot: Rats (nϭ20) were randomized to receive vehicle (control) or simvastatin rescue treatment at 11 weeks. Control rats that received vehicle all died of progression of pulmonary hypertension by 15 weeks (nϭ12, filled squares), whereas all rats rescued with simvastatin treatment survived and underwent scheduled measurements at 23 weeks (nϭ8, open circles). B, Mean pulmonary arterial pressure: time course of development and regression of pulmonary hypertension in control and simvastatin-treated rats. C, Right ventricular hypertrophy was demonstrated by RV/LVϩS ratio in control and simvastatin-treated rats. ##PϽ0.01 by Student's t test; *PϽ0.05 by ANOVA; **PϽ0.01 by ANOVA. (Fig. 1B , filled squares) at the time of randomization to vehicle or simvastatin treatment (week 0). Seventeen percent (nϭ1) of rats randomized to receive vehicle (nϭ6), group PMV 2w , died by 13 weeks, and the remainder were killed for hemodynamic measurements that demonstrated progression of severe PAH (mPAPϭ53Ϯ2 mm Hg, RVSPϭ72Ϯ5 mm Hg) (Fig. 1B, open squares) .
Hemodynamics
All simvastatin-treated rats survived until they were killed at 2 weeks, group PMS 2w (mPAPϭ36Ϯ2 mm Hg, RVSPϭ53Ϯ7 mm Hg) ( Figure 1B , open circles) and 6 weeks, group PMS 6w (mPAPϭ24Ϯ3 mm Hg, RVSPϭ34Ϯ3 mm Hg) ( Figure 1B, open triangles) . In every rat, simvastatin reversed PAH and normalized the mean pulmonary pressures after 6 weeks ( Figure 1B , open triangles) and 13 weeks (22Ϯ3 mm Hg, RVSPϭ30Ϯ3 mm Hg).
Right Ventricular Hypertrophy
The right ventricular weight to left ventricular plus septum weight ratio (RV/LVϩS) in normal rats is 0.25Ϯ0.03. By 11 weeks, pulmonary hypertensive rats demonstrated significant right ventricular hypertrophy (RV/LVϩSϭ0.71Ϯ0.1) ( 
Histopathology: Simvastatin Is Associated With Decreased Medial Hypertrophy and Neointimal Occlusion and Increased Apoptosis of Vascular Smooth Muscle Cells
Medial Hypertrophy and Neointimal Formation in Large Peribronchial Pulmonary Arteries Prominent medial wall hypertrophy and neointimal formation are evident in muscular pulmonary arteries from diseased rats that received vehicle (group PMV 2w ) ( Fig. 2B versus 2A ). Intimal injury with endothelialitis was noted in many of the affected arteries. The thickened medial layer displayed smooth muscle proliferation admixed with pyknotic cells and acute inflammatory cells. The perivascular tissue spaces contained increased numbers of inflammatory cells embedded in a granulation tissue matrix. Plexiform lesions within muscular pulmonary arteries were not observed. In contrast, rats treated with simvastatin (group PMS 2w ) demonstrated decreased medial hypertrophy (Fig. 2C versus 2B) , and rats treated with simvastatin for 6 weeks (group PMS 6w ) showed resolution of the inflammation and near complete patency of the pulmonary arteries (Fig. 2D) .
Simvastatin Attenuated Proliferation and Induced Apoptosis of Vascular Smooth Muscle Cells
Neointimal formation within muscular pulmonary arteries was prominent in rats that received vehicle (group PMV 2w ) but absent in rats treated with simvastatin (group PMS 2w ) (Fig. 3A versus 3B) . Large peribronchial muscular pulmonary arteries from group PMV 2w rats demonstrated prominent PCNA-positive-staining cells in the neointima and medial wall (Fig. 3C) . In contrast, simvastatin-treated rats (group PMS 2w ) showed rare PCNA-positive-staining cells (Fig. 3D) .
The ability of simvastatin to induce regression of medial hypertrophy (Fig. 2, C and D) , neointimal formation ( Figure  3B ), and pulmonary hypertension ( Figure 1B ) was likely to involve apoptosis of vascular lining cells. We demonstrated increased numbers of TUNEL-positive apoptotic nuclei in the medial walls and neointima of pulmonary arteries of rats treated with simvastatin (group PMS 2w ) (Fig. 3F ) compared with rats that received vehicle (group PMV 2w ) (Fig. 3E) . Thus, in addition to an antiproliferative effect, simvastatin treatment promotes apoptosis of vascular smooth muscle cells in this model of PAH.
Quantitative Analysis of Neointimal Luminal Obstruction in Small Pulmonary Arteries
We performed a quantitative analysis of neointimal luminal obstruction on 25 consecutive small pulmonary arteries from each rat in the groups (Fig. 4) . The distribution of the vascular lesions and an average vascular occlusion score (VOS) between 0 and 2 are presented (Fig. 4E) . The VOS of 1.85 at 11 weeks (group PMV 0w ) increased to 1.95 in rats that received vehicle for 2 weeks (group PMV 2w ) (Fig. 4B) , and these VOSs were similar to the VOS of 1.98Ϯ0.02 that we observed in the 35-day model of hypertensive pulmonary vascular disease. 8, 9 Just 2 weeks of simvastatin treatment decreased the VOS to 1.34 (group PMS 2w ) (Fig. 4C) , and 6 weeks of treatment further decreased the VOS to 0.83 (group PMS 6w ) (Fig. 4D) . At 13 weeks of treatment, the VOS was 0.65 (group PMS 13w ), indicating near complete reversal of the neointimal vascular occlusion by simvastatin treatment.
We previously used immunohistochemical staining for ␣-smooth muscle actin and electron microscopy to demonstrate that the neointimal lesions in this disease model consist predominantly of smooth muscle cells. 11 Figure 2 . Simvastatin reverses pulmonary artery medial hypertrophy in muscular pulmonary arteries. A, Normal peribronchial muscular pulmonary artery in Normal rat. B, Prominent thickened medial layer and neointimal lesion in control rats that received vehicle for 2 weeks (group PMV 2w ). C, Less thickened medial layer and neointimal lesion in rats rescued by simvastatin treatment for 2 weeks (group PMS 2w ). D, Regression of thickened medial wall in rats rescued by simvastatin treatment for 6 weeks (group PMS 6w ). Hematoxylin and eosin staining; magnification ϫ40.
Large-Scale Transcriptional Analysis of Hypertensive Pulmonary Vascular Disease
We compared lung gene expression profiles between 4 groups of rats ( Fig. 5 ): normal rats (week Ϫ11, open bars), diseased rats at 11 weeks (week 0, solid bars), group PMV 2w (solid bars), and group PMS 2w (shaded bars). We separately analyzed lung mRNA expression from 3 individual rats in each group, and this helped us to recognize variability of gene expression and recognize patterns associated with disease progression and reversal by simvastatin. Of the 1176 genes analyzed by use of the Clontech ATLAS arrays and J-express processing software, 20 we present those genes with prominent divergence of expression between groups PMV 2w and PMS 2w (Fig. 5 ).
Our disease model was characterized by progressive increases in the expression of numerous inflammatory genes, including the transcriptional regulators of the activator protein-1 family, c-fos and jun, and the cytokines interleukin-1␤ and tumor necrosis factor-␣ (Fig. 5) . Other notable genes induced during disease progression were the tyrosine kinase growth factor receptor erb-B3 and cyclin E and the neuronal signaling molecules acetylcholine receptor subunit ␣5 and ␤-nerve growth factor (Fig. 5) . Each of these genes that increase during disease progression was inhibited by simvastatin treatment, which supports the efficacy of the anti-inflammatory mechanisms of statins in pulmonary vascular disease after toxic injury.
Several genes show a reciprocal pattern of expression and were induced by simvastatin treatment (Fig. 5, right column) . Notable among these genes was the induction of the cyclindependent kinase inhibitor p27Kip1 and the cell cycle regulator 
Discussion
We showed recently that simvastatin attenuated the development of pulmonary hypertension with neointimal formation in rats. 11 Here, we demonstrate that simvastatin conferred a 100% survival advantage on rats with established pulmonary hypertension, reversed established PAH, and was associated with reductions in pulmonary arterial neointimal occlusion, medial hypertrophy, and right ventricular hypertrophy.
Neointimal pulmonary vascular occlusive lesions, consisting of proliferating smooth muscle cells and bearing similarities to the pathological lesions in human PPH, 4 are evident in rats after the combination of pneumonectomy with monocrotaline injection. 8, 9, 11, 22, 23 We hypothesize that a combination of compensatory lung growth after pneumonectomy, hemodynamic factors, and endothelial injury by monocrotaline pyrrole combine to produce this neointimal pulmonary vascular disease. 23 Delaying the injection of monocrotaline from 1 to 4 weeks after pneumonectomy slowed the rate of development of PAH and allowed us to document severe PAH before initiation of vehicle or rescue simvastatin treatment. To the best of our knowledge, this study is the first to demonstrate reversal of severe PAH associated with reduction of neointimal formation in both large peribronchial pulmonary arteries and small acinar pulmonary arteries.
The data suggest that simvastatin exerted potent effects on vascular wall proliferation and inflammation. Interestingly, the dose of simvastatin we used as rescue therapy in this study (2 mg · kg Ϫ1 · d Ϫ1 ) is considerably lower than that used in previous animal studies of its cardiovascular effects. Higher doses of simvastatin (5 to 40 mg · kg Ϫ1 · d Ϫ1 ) attenuated neointimal formation in injured carotid arteries 15, 17 and induced regression of cardiac hypertrophy. 24, 25 Simvastatin suppressed the abnormal proliferation of vascular smooth muscle cells (reduced PCNA-positive staining) and induced apoptosis of pathological vascular smooth muscle cells (increased TUNEL staining) in vivo. In this disease model, simvastatin induced expression of the cell cycle inhibitor p27
Kip , in agreement with the mechanisms of simvastatin attenuation of aortic smooth muscle cell proliferation in vitro. 16 We showed that simvastatin induced apoptosis of pathological vascular smooth muscle cells in vivo, in agreement with the finding that lipophilic statins induced apoptosis of vascular smooth muscle cells in vitro through downregu- lation of bcl-2 and rho prenylation. 26, 27 We demonstrate here, as previously, 11 that simvastatin upregulated eNOS mRNA expression in vivo, and this may correlate with improved pulmonary endothelial function.
Our model of neointimal pulmonary vascular disease showed histological evidence of inflammation, and this finding is supported by our gene array expression analysis, which demonstrated increased expression of inflammatory genes and inflammatory transcriptional regulators of the AP-1 family, fos and jun. Simvastatin suppressed the inflammatory component on histology in addition to normalizing the vascular morphology. Simvastatin inhibited AP-1 and the expression of AP-1-regulated inflammatory cytokines in this in vivo model of pulmonary vascular disease. These results agree with in vitro studies that showed that lovastatin suppressed fos and jun protein expression and cellular proliferation in renal proximal tubule cells 28 and smooth muscle cells. 29 Simvastatin reverses neointimal vascular occlusion and fatal pulmonary hypertension in this rat model through antiproliferative, anti-inflammatory, and proapoptotic effects on vascular smooth muscle cells. Differences exist between this rat model of pulmonary vascular disease and human PPH, most notably the rate of disease progression (months versus years), the absence of plexiform lesions in rats, and the absence of genetic mutations in BMPR2. Du et al 7 proposed that a common feature linking all forms of human pulmonary hypertension is inactivation of BMPR signaling, either through genetic mutations in BMPR2 or through suppression of BMPR1a. In support of this concept, our gene array analysis revealed suppression of BMPR1a expression in diseased rats. Remarkably, simvastatin restored BMPR1a expression to a level close to that in normal rats. How simvastatin may restore BMPR1a expression in diseased lungs represents an important question for future investigations.
Recognizing that human hypertensive pulmonary vascular disease represents a disease of excessive smooth muscle cell proliferation and that simvastatin effectively reverses neointimal vascular occlusion in a rat model of pulmonary hypertension, we anticipate that statins may prove effective as antiproliferative therapies for human pulmonary vascular disease.
